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INTRODUCTION

44
It has been conclusively demonstrated that injecting fluids into the subsurface can trigger 45 seismic activity (e.g., Raleigh et al., 1976) . However, early research on Carbon Capture and 46 Storage (CCS) was focussed on the danger that the buoyant CO 2 plume will migrate through 47 the caprock and leak back to the surface. The potential hazard posed by injection-induced 48 seismicity was generally downplayed (e.g. Damen et al., 2006) or not considered (e.g. Bickle, 49 2009). Even where microseismicity was observed at CCS sites, such observations were 50 generally considered in terms of potential leakage through the caprock because of fracturing, 51 rather than the hazard posed by injection-induced seismicity (e.g., Verdon et al., 2011) . 52 However, these assessments were made prior to recent events in the mid-continental USA, 53 where sharp increases in wastewater disposal volumes have lead to a dramatic increase in the 54 number of recorded earthquakes (Ellsworth, 2013) . Given that, on a well-by-well basis, 55 injection volumes proposed for future CCS sites match or even exceed current wastewater 56 injection volumes (e.g. Verdon, 2014 ), these observations have lead to a re-appraisal of the 57 hazard posed by injection-induced seismicity at CCS sites (e.g. Zoback and Gorelick, 2012) . 58 The Williston Basin underlies parts of Saskatchewan, North and South Dakota, Montana and 59 Manitoba. It is a large (500,000km 2 ) intra-cratonic basin of roughly oval shape, the origin of Oil and gas has been extracted from fields in southeast Saskatchewan since the 1950s, and 68 production continues today. Substantial volumes of produced water are also generated by this 69 extraction. Some of this water is re-injected for secondary recovery, while some is disposed 70 of into saline aquifers. Additionally, the Bakken Shale underlies the conventional fields in 71 southeast Saskatchewan. Within the past decade, this resource has been targeted for shale oil 72 extraction using hydraulic fracturing. These potential events were then examined manually. Triggers that did not have the 142 characteristics of a local earthquake (near-vertical P-wave arrival, followed by S-wave arrival 143 on horizontal components, and consistent move-out of arrival times across the array) were 144 discarded. P-and S-wave arrival times were re-picked manually, and inverted for event stations revealed a further 6 events that had not been detected by NEIC/NEDC networks -all 156 of these events were detected using the USArray stations, and no additional events were 157 detected using the Aquistore and Weyburn arrays. Although the net volume change is negative (i.e., more fluid is produced than is injected), 248 there may be areas and/or units where injection volumes exceed production, and which would 249 therefore potentially be more prone to seismicity. Therefore, in Figure 8 we divide the study 250 area into blocks, and consider injection and production volumes within these blocks. We note 
Are the events the first known earthquakes of this character in the region?
314
Hydrocarbon production in this area commenced in the 1950s. However, adequate 315 seismometer coverage was only achieved in the 1960s. Therefore, we have no assessment of 316 seismicity rates prior to oilfield activities with which we can answer this question robustly. 317 However, the rate, magnitudes and positions of these events suggest that they are a 318 continuation of the trend of seismicity running NE from Montana. This overall trend in 319 seismicity is seen in producing and non-producing areas alike, suggesting that these events 320 represent a natural trend. 
Do some events occur at or near to injection depths?
330
Because of the lack of monitoring stations in the area, event depths are unconstrained. It is 331 therefore not possible to answer this question. 
360
where φ is the friction coefficient, and C is the cohesion. Faults are therefore most likely to be 361 reactivated if they have strike and dip such that τ -φσ n is maximized. In Figure 11 we plot τ -
362
φσ n as a function of fault-normal azimuth and inclination, noting that this analysis suggests 363 that faults striking ENE-WSW and NNE-SSW are most likely to be re-activated. of slip on a well-oriented fault. The effective stress, σ' ij , is determined as a function of the 371 stress tensor applied to the rock, σ ij , and the pore pressure, P: caused by a pore pressure change ΔP: (Ferguson, 2015) . However, it is worth comparing 419 our study area with others that have experienced much higher levels of induced seismicity 420 from similar levels of oilfield activity. By making this comparison, it may be possible to 421 identify why seismicity occurs in some cases and not others, and thereby take steps towards 422 mitigating the issue. 
428
In Figure 13 we normalize the number of wells with a given injection volume by the size of 429 the study area, such that we plot the number of wells with a given maximum injection rate per 430 100km 2 . For Oklahoma, the area we use for this normalization is the area of the state. 431 However, injection wells in Oklahoma are not evenly distributed, so it is likely that there are 432 areas where the number of injection wells per unit area is larger than that plotted in Figure 13 . Because they have not been well studied, it is not known whether these events are caused by 449 subsidence of rocks overlying the mined zone, or by wastewater disposal in deeper layers. 450 Further analysis of these events is needed to establish why potash mining in the region is able 451 to induce seismicity, while oilfield activities have not. strength. This allows them to store higher shear stresses, and when ruptures occur, they will 459 be more energetic (e.g., Vilarrasa and Carrera, 2015) . Additionally, faults in basement layers 460 cannot be easily mapped with reflection seismic surveys (and they are rarely the target for 461 such surveys anyway, since they do not contain hydrocarbons). As such, basement faults may 462 be present near to injection wells that are not detected. It might therefore be expected that 463 injection into basal layers, with the result that pore pressures also increase in the crystalline 464 basement, is more likely to lead to injection-induced seismicity. 465 Taking the above into account, we note that injection into basal layers is not a necessary while CO 2 injection at In Salah, which is also well above the basement, has also produced 471 seismicity . 472 To date, few wells have targeted the basal formations in southeast Saskatchewan. However, 473 the Aquistore CCS pilot project has begun to inject CO 2 into the basal Deadwood Formation. 474 At present, only a small volume of CO 2 has been injected, and no seismicity has been 
